Detachment of the cotton fiber ceDl from the ovule results in loss of over 90% of the in vivo capacity for synthesis of I14CIcellulose from I14Clglucose.
Loss of cellulose synthesis upon disruption of a cell may result from disorientation of the synthetase complex caused by the sudden release of tension on the cell wall and extensive membrane disruption which occurs upon release of turgor. Furthermore, since some cellular activities are partially controlled by turgor (7, 24) , one must also consider the possibility that cellulose synthesis may be turgor-dependent. Our goal was to stabilize cellulose synthesis in cotton fiber cells cut from the ovule as a first step toward obtaining a true cell-free system for cellulose synthesis; our idea was to use a high mol wt osmoticum unable to penetrate the cell wall (6) : (a) to reduce turgor before detachment, and (b) to mimic turgor upon detachment since, when a high mol wt solute such as PEG 4000 is used as osmoticum, the inability of the solute to penetrate the cell wall capillaries results in tension which should keep the plasma membrane firmly appressed to the cell wall. In the report here, we present results on the effects of such PEG treatments, and the factors involved in developing a system for in vitro synthesis of cellulose are explored further.
MATERIALS AND METHODS
Plant Material. Seeds of cotton (Gossypium hirsutum L. cv. Acala SJ-1) were obtained from Hubert Cooper, Jr., United States Department of Agriculture-Science and Education Administration, United States Cotton Research Station, Shafter, Calif., and were planted and grown in growth chambers as described previously (19) . Unfertilized ovules were excised from the ovary at the day of anthesis and were transferred aseptically to a medium described by Beasley and Ting (BT medium) (3) . The ovules and associated fibers were incubated 15 to 16 days in darkness at 32 C.
Pretreatments and Detachment of Fibers. Ovules and associated fibers were transferred either to fresh BT medium or a buffer of choice in which the glucose concentration was lowered from 120 to 20 mm and which contained, in addition, 0.1 M pentaerythritol as an osmotic substitute for glucose. After two 15-min washes in fresh medium, the ovules were transferred by means of plastic transfer baskets (18) to 15 ml of an incubation medium containing 20 mM [14Clglucose (0.042 ,uCi/,umol), 100 mm pentaerythritol, and BT medium or buffer ± PEG 4000 (0.06 molal). In some experiments, UDP-glucose was used as a carbon source instead of glucose. The incubation medium was free ofglucose and contained instead 1 mm UDP-[14C]glucose (0.042 ,ICi/,tmol). The submerged fibers then were excised from their associated ovules with surgical scissors, leaving only the cut fibers in the incubation medium.
Control incubations contained ovules with associated fibers left intact, but the submerged fibers were excised and ovules and aerial fibers were removed at the end of the incubation. Except for the kinetic experiment, all incubations, either with labeled glucose or UDP-glucose, were performed for I h at 32 C.
Preparation of Cell Walls. After incubation, the detached fibers were collected with forceps, blotted quickly, and placed in 2 ml CHC13-CH30H (1:1). One ml distilled H20 was added, and the mixture was agitated by vortexing. Methanol was added dropwise until a single phase was obtained, and the mixture was incubated at 37 C for 1.5 h with agitation by vortexing every 30 min. After incubation, I ml 0.9% NaCl in 0.01 N HCl and 1 ml CHC13 were added, and the mixture was agitated again by vortexing. The mixture was centrifuged to separate aqueous and organic phases; the fibers were obtained at the interface. The fibers were removed and washed extensively with CH30H followed by H20. Three ml acetic-nitric reagent (22) were added, and the mixture was heated for 1.5 h at 95 C, with occasional agitation by vortexing. The insoluble material remaining was pelleted by centrifugation. An aliquot of the supernatant containing hydrolyzed noncellulosic polysaccharides was collected and analyzed for radioactivity. The pellet was washed extensively with H20 and suspended in about 3 ml H20. The suspension was frozen and lyophilized, and the dry material (cellulose) was weighed and assayed for radioactivity. All rates of incorporation have been expressed, therefore, as cpm/ mg cellulose derived from the fibers in the assay.
Analysis of Reaction Products by Methylation Analysis. Products before or after acetic nitric digestion were permethylated according to the procedure of Hakamori (12) with the modifications described by Maltby et al. (18) . Methylated alditol acetate derivatives then were obtained by the procedure of Albersheim et al. (1) and separated by GLC according to the methods described by Meinert and Delmer (19) . Derivatized radioactive sugars were collected by means of a stream splitter, and the collected samples were assayed for radioactivity.
Autoradiography. The washed fibers before or after acetic-nitric digestion were suspended in a drop of H20 on a microscope slide and heat-fixed upon the slide by passing it quickly through the flame of a Bunsen burner. The slides were dipped in Nuclear Track emulsion (Kodak) and allowed to dry at ambient temperature, and the coated slides were exposed for 5 days at 4 Separations of partially methylated alditol acetates were made by GLC using a 0.2-x 180-cm glass column packed with 0.2% polyethylene glycol succinate, 0.2% polyethylene glycol adipate, and 0.4% XF-1 150 on GasChrom Q (100-120 mesh). Temperature programming was 2 C/min from was the ,B-1,3-glucan previously characterized by us in this system (18) . The resistance of the 4-linked glucose residues to acetic-nitric digestion indicates that this product is cellulose. (Amylose, another 4-linked glucan of plants, is solubilized by this treatment.) The data shown in Figure 1 are for detached fibers incubated with PEG, but similar results were obtained for intact, attached fibers (data not shown).
Optimal Conditions for Ceilulose Synthesis in Detached Fibers. Preliminary experiments with the system reported here revealed that cellulose synthesis in the detached fiber had a pH optimum of 6 .0 and a PEG concentration optimum of 0.06 molal (-9 bars) (data not shown). Concentrations of PEG greater than 0.07 molal, however, caused a precipitous decrease in the protection of cellulose synthesis in the detached fiber. Suitable buffers then were sought to replace the complex BT medium used in the pilot studies; K-Mes was found to be the best of those tested, affording incorporation rates about 50% of those observed in the BT medium. K-acetate (pH 6.0) resulted in almost complete loss of all activity in intact fibers as well as detached fibers (data not shown).
Upon examination of the optimal ionic strength of the K-Mes buffer, it was observed that high concentrations (50 mm) were inhibitory to cellulose synthesis in the detached fibers but that cellulose synthesis was unaffected by ionic strength when the buffer was Tris titrated to the appropriate pH with Mes or HCI ( Fig. 2A) . Addition of varying amounts of KCI to 10 mm TrisMes resulted again in the inhibition of cellulose synthesis in the detached fibers ( Fig. 2A) . These experiments indicate that K+ inhibits cellulose synthesis in the detached fibers. In contrast, K+ had no effect on the synthesis of noncellulosic polysaccharides in detached fibers (Fig. 2B) . The inhibition by K+ was not evident in the synthesis of noncellulosic or cellulosic polysaccharides in intact, attached fibers (data not shown). All subsequent incubations were in 10 mm Tris-Mes buffer. Cellulose synthesis in detached fibers had a pH optimum of 6.0 in this buffer, whereas that of intact fibers was 5.5 (Fig. 3) ; the synthesis of noncellulosic polysaccharides was stimulated in detached fibers at pH above 5.0, and the synthesis of such polysaccharides was stimulated further in both intact and detached fibers at pH above 9.0 (data not shown). As in BT medium, the optimal PEG concentration was 0.06 molal in the Tris-Mes buffer (data not shown).
Addition of Mg2+ and Ca2' enhanced the rate of cellulose synthesis synergistically, indicating that both ions stimulated cellulose synthesis in the detached fibers (Fig. 4) (Fig. 5A) .
Examination of such fibers by fluorescence microscopy following detachment and incubation in fluorescein diacetate showed that only localized vesicles within the fiber wall were capable of retaining hydrolyzed fluorescein (Fig. 5B) . By contrast, most of the fibers cut in the presence of PEG resembled intact, attached fibers in morphology (Fig. 5C ) and in their ability to accumulate fluorescein throughout the length of the fiber, although there was some variability in the extent of accumulation among the fibers (Fig. 5D) . The ability to hydrolyze and retain fluorescein has been used in the past as a viability test in plant cells (16) .
Autoradiography revealed that essentially all attached, intact fibers accumulated radioactivity from glucose into cell wall material ( Fig. 6A ) which included cellulose (radioactivity remaining after acetic-nitric treatment; Fig. 6B ). The accumulation of radioactivity was relatively uniform throughout the length of the fibers. Essentially all fibers detached in the presence of PEG synthesized some wall polysaccharide (Fig. 6C) two groups of detached fibers distinguishable with respect to their ability to synthesize cellulose (Fig. 6D) . About 50%o of the fibers detached in PEG showed no observable incorporation of label into cellulose (see arrows Fig. 6D ), whereas the other 50%o showed incorporation comparable to that obtained with attached, intact fibers. DISCUSSION We have found that the capacity for cellulose synthesis from ["4Clglucose by cotton fibers can be protected when the fibers are detached from the ovule and incubated in the presence of PEG. This protection could result partially from tbe reduction of turgor prior to cutting since mannitol at equal osmotic concentrations could also partially protect the capacity for cellulose synthesis (Table I) . However, PEG was about twice as effective as mannitol in stabilizing the synthesis to detachment (Table I) . Two major possibilities for such an increased stabilization are: (a) facilitation of membrane resealing upon detachment or (b) direct protection of the cellulose-synthesizing complex. Halper and Srere (13) have reported that PEG could stabilize a specific interaction of citrate synthase and mitochondrial malate dehydrogenase in vitro, thus providing a precedent for the stabilization of multisubunit complexes by PEG.
However, although a direct protective effect of PEG on the synthesizing complex cannot be excluded, the results presented here would seem to favor the alternate interpretation, that PEG restores the capacity for cellulose synthesis by promoting membrane resealing. The results which support this conclusion are as follows. (a) Since glucose can be effectively used as a substrate for polysaccharide synthesis in such detached fibers, the energy-producing and glucose-phosphorylating systems must be to a certain extent still functional. (b) Examination of fibers detached in PEG showed that most fibers possess normal cellular integrity, at least at the level detectable by phase microscopy, and exhibit the ability throughout the fibers to retain fluorescein produced from fluorescein diacetate. (c) UDP-glucose cannot be used to any significant extent for glucan synthesis by intact fibers (ref. 10 and Table II) . When such fibers are cut in the absence of PEG, UDP-glucose can be utilized for the synthesis of B-1,3-glucan, but not cellulose. However, if fibers are cut in the presence of PEG, the capacity to utilize UDP-glucose for 8-1,3-glucan synthesis is decreased by more than 50%o. This could be explained by assuming that PEG can cause a resealing of the plasma membrane of at least half of the fibers to the extent that UDP-glucose can no longer permeate to the active site of the ,B-1,3-glucan synthetase. (d) PEG has been found to promote fusion of protoplasts in other plant systems (14) .
Rather strong, albeit indirect, arguments can be made that UDP-glucose is a precursor to cellulose in vivo in cotton fibers. It has been previously demonstrated in this laboratory that UDPglucose is the predominant nucleotide sugar in cotton fibers and that carbon in UDP-glucose turns over in vivo at a rate sufficient to account for the synthesis of both 86-1,3-glucan and cellulose (ref. 5 and N. C. Carpita and D. P. Delmer, manuscript in preparation). Furthermore, UDP-glucose levels increase markedly in fibers just prior to the onset of maximum rates of secondary wall cellulose synthesis (5 Escherichia coli are rendered permeable by certain detergent treatments, a result which clearly indicates substantial differences in the structural organization of energized and nonenergized membranes. This conclusion is also supported by studies which showed that changes in transmembrane potential can cause changes in membrane rigidity of lipid membrane vesicles (17) . Also pertinent may be the observation that K+ inhibits cellulose synthesis in detached fibers at concentrations that reduce membrane potentials in other plant systems (8) The requirement of an intact membrane system for active cellulose synthesis may explain the lack of previous reports of bonafide cellulose synthesis in cell-free preparations from higher plants. Thus, a paradox may exist, membrane integrity must be disrupted in order to allow access of an impermeant substrate to the site of synthesis, but such disruption destroys the catalytic activity of the complex. Techniques are available to restore potentials across isolated membrane vesicles (4) , and experiments are in progress to attempt to restore the capacity for cellulose synthesis under such conditions.
